Osteogenesis imperfecta (OI or brittle bone disease) is a disorder of connective tissues caused by mutations in the collagen genes. We previously showed that intrauterine transplantation of human blood fetal stem/stromal cells in OI mice (oim) resulted in a significant reduction of bone fracture. This work examines the cellular mechanisms and mechanical bone modifications underlying these therapeutic effects, particularly examining the direct effects of donor collagen expression on bone material properties. In this study, we found an 84% reduction in femoral fractures in transplanted oim mice. Fetal blood stem/stromal cells engrafted in bones, differentiated into mature osteoblasts, expressed osteocalcin, and produced COL1a2 protein, which is absent in oim mice. The presence of normal collagen decreased hydroxyproline content in bones, altered the apatite crystal structure, increased the bone matrix stiffness, and reduced bone brittleness. In conclusion, expression of normal collagen from mature osteoblast of donor origin significantly decreased bone brittleness by improving the mechanical integrity of the bone at the molecular, tissue, and whole bone levels. (Blood. 2011;117(3):1053-1060)
Introduction
Osteogenesis imperfecta (OI) is a heterogeneous genetic disease with prenatal onset resulting from mutations within the collagen type 1 genes (COL1a1 and COL1a2). OI is characterized by bone fragility, skeletal deformity, growth retardation, and in the severe forms, death. [1] [2] [3] [4] Currently, no cure is available and pharmaceutical treatments only improve patients' symptoms through increases in bone density, failing to address the underlying bone brittleness and collagen defect. Stem cell therapy has the potential to replace defective osteoblasts with healthy ones that produce normal collagen. In humans, infusion of allogeneic whole bone marrow or bone marrow mesenchymal stem cells (MSCs) in children with OI led to increased bone mineral content, reduced fracture frequency, and improved growth velocity. [5] [6] [7] A single further clinical case used transplanted liver MSCs in utero combined with bisphosphonate therapy and noted better than expected progress in childhood. 8 The oim mouse model (B6C3fe-a/a-col1a2 oim ) shows biochemical and phenotypic features of human OI with reduced bone strength, multiple fractures, and skeletal deformities resulting from a spontaneous COL1a2 chain gene mutation, resulting in the absence of normal heterotrimeric collagen COL1(a1) 2 (a2) 1 and replacement by homotrimeric COL1(a1) 3 . We have previously shown that intrauterine transplantation (IUT) of human first trimester fetal blood MSCs in oim mice resulted in a two-thirds reduction in long bone fracture incidence and improved mechanical and structural bone properties. 9 Donor cells were preferentially found at sites of bone remodeling (growth plate and fracture sites) where they differentiated into osteoblasts in vivo. Engraftment levels remained around 5%, and it was therefore unclear whether osteoblasts from donor origin only repaired de novo broken bones at fracture healing sites or also prevented fracture occurrence by directly contributing to amelioration of bone strength. Recently, Panaroni et al found that adult murine bone marrow transplanted in utero in the BrtlIV murine model of OI differentiated into collagen-producing osteoblasts, improving bone mechanical properties and eliminating the perinatal lethality of the BrtlIV mice despite low levels of engraftment. 10 Altogether, these data suggest that donor cells may prevent bone pathology by direct differentiation and subsequent modifications in bone matrix composition, explaining why low levels of engraftment have been associated with pronounced therapeutic effects. To optimize stem cell therapy further, it is critical to understand how changes at the cellular level affect whole bone mechanics and fracture. In the present investigation, we examined the cellular mechanisms and multiscale bone mechanical, structural, and morphologic modifications underlying the therapeutic effects after IUT in oim mice of human fetal blood stem/stromal cells (fSCs), referred to elsewhere as MSCs. 9, 11 We found an 84% decrease in femoral fracture incidence in oim mice after transplantation. Blood fSCs engrafted in bones and differentiated into mature osteoblasts that produced the COL1a2 chain protein absent in nontransplanted mice. The presence of normal collagen corresponded to a decrease in hydroxyproline content in bones, an improvement in mineral structure, an increase in matrix stiffness, and a decrease in bone brittleness, which resulted in a decrease in fracture incidence in transplanted mice.
Methods

Blood fSC collection
Fetal blood collection received ethical approval from the Imperial College Institutional Review Board and the Home Office, as well as written informed consent from the pregnant women in accordance with the Declaration of Helsinki, as previously described. 9 Blood was collected by cardiocentesis under ultrasound guidance. 12 After selection by plastic adherence, fSCs (which we have previously referred to as fetal mesenchymal stem cells 9 ) were cultured in Dulbecco modified Eagle medium-high glucose (Invitrogen) supplemented with 10% fetal bovine serum (BioSera), 100 IU/mL penicillin, and 100 g/mL streptomycin (Invitrogen). Cells were expanded at 10 000 cells/cm 2 at 37°C with 5% CO 2 .
oim mice breeding and fSC intrauterine transplantation All experiments followed Home Office and institutional guidelines (Project license PPL 70/6852). Homozygous oim/oim mice (B6C3Fe-a/a-Col1a2 oim / Col1a2 oim ) were bred from heterozygous oim/ϩ mice (purchased from The Jackson Laboratory) and genotyped by direct sequencing of the oim fragment. 9 After mating of virgin oim/oim females with one oim/oim male, fetuses received intrauterine injection of fSCs (passages 3-6; cell quantity, 10 6 cells) at embryonic days (E) 13.5 to 15. Briefly, we performed a midline laparotomy on isoflurane-anesthetized females, and exteriorized the uterine horns one at a time, moisturized with warm phosphate-buffered saline. Each oim fetus received 10 6 cells injected intraperitoneally under direct vision using a 33-G Hamilton Microlitre syringe. Uterine horns were then replaced in the abdomen, and the wound was closed. Postoperatively, mice were given analgesia and individually housed in clean cages containing enrichment. After normal delivery, litters were kept with their mother until weaned at 4 to 6 weeks.
Animals
We analyzed 8-week-old wild type B6C3Fe-a/a-ϩ/ϩ mice (WT, 8 females, 7 males), homozygous nontransplanted oim/oim mice (oim, 8 females, 12 males), and homozygous oim/oim mice transplanted with fSCs (oimϩIUT, 5 females, 7 males). Hind limb bones were dissected, cleaned of soft tissue, and stored in PBS soaked gauze at Ϫ18°c. The number of femurs with a visible fracture callus was recorded; fractured femurs were not useable for 3-point bending and thus were not used in subsequent analysis.
Real-time quantitative RT-PCR
Total RNA was extracted from left femurs using TRIzol (Invitrogen) according to the manufacturer's instructions and cDNA synthesized using Pd(N)6 random hexamers (GE Healthcare). Real-time quantitative reverse transcriptase polymerase chain reaction (RT-PCR) was performed with the ABI Prism 7700 Sequence Detector (Applied Biosystems) according to the manufacturer's instructions, and all reactions were carried out in duplicate in a total volume of 25 L. Human specific coding sequences from the ␤-actin gene (accession number NM_001101) were amplified in parallel with common human-mouse sequences to determine human-mouse microchimerism levels. The sequences of the PCR primers were described by Guillot et al. 9 Donor cell engraftment was expressed as human cells to total cells (human ϩ mouse) percentage. Serial dilution of human cells with mouse cells formed the calibration curves by which chimerism was estimated.
Western blotting
Ground bone was added to 200 L of 0.5M acetic acid (VWR International) and left at room temperature for 14 days to extract collagen from the bone tissue. Pepsin was then added to the sample at 0.264 mg/mL concentration.
Supernatants were electrophoresed on a 6% sodium dodecyl sulfatepolyacrylamide gel electrophoresis gel (1 mm thickness, run at 150 V for 90 minutes). The gel was stained for 30 minutes in a staining solution of 0.1% Coomassie Brilliant Blue, 50% methanol, and 20% acetic acid, rinsed in destaining solution (30% methanol and 1% formic acid), and imaged. Human specific antibodies used were anticollagen (Sigma-Aldrich), followed by secondary antibody phosphatase-conjugated streptavidin (1:5000; Jackson ImmunoResearch Laboratories).
Hydroxyproline assay
Hydroxyproline levels were determined using the standard method described by Morrison et al. 13 
Raman spectroscopy
Twelve Raman spectra were recorded in the cortical bone of the right femurs (after macroscopic investigations): 3 spectra from anterior, posterior, lateral, and medial cross section quadrant. We analyzed 10 femurs per group (5 males and 5 females), using a Renishaw In Via system (Renishaw) equipped with a Renishaw spectrometer and a 785-nm diode laser (ϳ 100 mW at sample). Raman vibrational spectra were recorded from 400 to 1800 cm, allowing acquisition of peaks attributed to the bone matrix apatite crystals and proteins 14, 15 (supplemental Figure 1 , available on the Blood Web site; see the Supplemental Materials link at the top of the online article). Spectra were intensity and background corrected, smoothed, and normalized using custom MatLab programs. 16, 17 Multivariate unsupervised principal component analysis of spectra determined combinations of variables (principal components [PCs] ) that account for the major peak variation between spectra. Univariate spectral analyses were also performed to measure the area of 3 peaks: apatite 1 PO 4 3Ϫ peak (ϳ 960 cm), type B 1 CO 3 2Ϫ peak (ϳ 1070 cm), and amide I band (ϳ 1665 cm). Apatite mineral/ protein matrix ratio (apatite 1 PO 4 3Ϫ /amide 1), which increases with bone mineral content, 15, 18 was then assessed. Type B apatite carbonation (PO 4 3Ϫ ions substitution by CO 3 2Ϫ ions), which increases with maturation of mineralized matrix, 15 was calculated ( 1 CO 3 2Ϫ / 1 PO 4 3Ϫ peak area ratio). Apatite crystallinity was calculated as the inverse of the apatite 1 PO 4 3Ϫ peak full width at half-maximal intensity. Crystallinity increases with apatite homogeneity and lattice orderliness (ie, improved mineral structure). 18 
Nanoindentation
Four intact tibiae per type group (2 males and 2 females) were dehydrated in alcohol baths and polymerized into low viscosity methyl methacrylate (VWR International). After transverse sectioning, tibial mid-diaphyseal cross sections were ground with carbide abrasive papers (P600 to P4000) and polished with 0.05 m diamond suspension (Buehler). Sixty nanoindentation tests were performed around the tibia cross section at a maximum load of 8 mN and a constant loading/unloading rate: 800 N/s, using a Berkovich diamond tip and a triboindenter TI700 UBI (supplemental Figure  2A -C). Time-depth unloading data were fitted with a viscous-elastic-plastic mathematical model 19, 20 to determine the bone matrix plane-strain elastic modulus (EЈ), resistance to plastic deformation (H), 21 and indentation viscosity (, Origin 8, Originlab; supplemental Figure 2D ). The bone tissue compressive elastic modulus (E nano ) was calculated as EЈ ϭ E/(1 Ϫ ) 2 with Poisson ratio ϭ 0.3. 22 Viscous deformation was negligible compared with elastic and plastic deformations (Ͻ 2% of total deformation) and was not considered further.
Femur bone morphology
Right femurs were scanned using a microcomputer tomography scanner (CT40 Scanco Medical) with a 10-m voxel resolution (45 kV, 177 A, 200 ms integration time) and were analyzed using MicroView ABA 2.2 software (GE Healthcare). Cortical bone was analyzed at mid-diaphysis (1-mm-thick region of interest): cross-sectional area (CtA), mean thickness (CtTh), anterior-posterior (I ap ), and medial-lateral (I ml ) second moments of area. Distal metaphysis trabecular bone was also analyzed (75% to 87% of total femur length): trabecular thickness (TbTh) and spacing (TbSp), bone volume over total volume (BV/TV), and trabecular number (TbN).
Femur 3-point bending
After CT scanning, right femurs were tested until fracture by 3-point bending using a standard materials testing machine (5866 Instron). Femurs were loaded at the mid-diaphysis in the anterior-posterior direction with a deflection rate of 50 m/s. Force-deflection curves were analyzed with a custom program (Matlab, MathWorks) to measure the bending stiffness (S, slope of the linear elastic deformation), the yield force (F yield , limit between the elastic and plastic deformation), and ultimate force (F ult, maximum force sustained). The plastic (post-yield) behavior was assessed by the ratio of plastic/total work to fracture (Rp/tW, ie, ratio of the area under the curve from the yield point to the fracture point over the total area under the curve). The bone elastic modulus E (MPa) and ultimate stress ult (MPa), were calculated using the standard beam theory. 13 
Statistical analysis
Statistical analyses were conducted with a 5% level of significance using SPSS 17.0. As oim mutation and MSC transplantation were found not sex dependent previously, 9,10,23,24 sex was pooled to maximize group size. Femur fracture occurrence was tested using a binomial test. Because of small sample size and unequal variance, morphology, bending, and Raman parameters were tested with multigroup Kruskal-Wallis followed by 2 ϫ 2 Mann-Whitney (MW) tests (Bonferroni P value correction). Nanoindentation data were tested using analysis of variance (independent factor: group type, covariate: sex and specimen) followed by post-hoc Bonferroni test.
Results
IUT of blood fSCs led to a 84% reduction in femoral fractures
The number of femoral fracture calluses (indicating spontaneous bone fracture) was significantly reduced by 84% in transplanted oimϩIUT mice compared with nontransplanted oim mice (binomial test, P Ͻ .001; ie, 4.2% in oimϩIUT vs 27.5% in oim mice).
In oim mice, 7 of 20 mice presented femurs with fracture calluses (4 mice with both femurs with callus were not included in the analyses). In oimϩIUT mice, one of 12 mice presented one femur with fracture callus. No fracture calluses were observed in the WT group.
fSCs differentiated into mature osteoblasts producing COL1a2 chain protein Donor cell engraftment in intact femurs (percentage of human donor cells over total number of cells) was low (median, 1.4%; range, 0.1%-16.2%, n ϭ 12; supplemental Table 1 ) and consistent with our previous study. 9 Donor cells expressed markers of human derived mature osteoblasts (osteocalcin, 125-fold up-regulation), as well as proteins expressed at sites of mineralization (phosphatase 1, 24-fold up-regulation) and in condensing cartilage (noggin, 100-fold up-regulation) and other matrix proteins (bone morphogenetic protein-2, 128-fold up-regulation; bone sialoprotein, 24-fold up-regulation; and osteopontin, 30-fold up-regulation; Table 1 ). In WT animals, we did not detect these markers, as the primers were designed to be human specific. Western blot analysis showed the presence of the COL1a2 protein band in transplanted oimϩIUT femurs, which was absent in nontransplanted oim femurs ( Figure  1A ). In line with this result, hydroxyproline, which has a higher content in COL1a1 than in COL1a2 chains, 25 was decreased in oimϩIUT mice compared with oim mice (8.6 Ϯ 1.1 g/mg tissue, n ϭ 11 vs 13.4 Ϯ 0.7 g/mg tissue, n ϭ 15; MW test, P Ͻ .001; Figure 1B ), suggesting that the COL1a2 chain of donor origin contributed to a decrease in endogenous COL1a1 content.
Bone matrix composition
Raman spectroscopy was used to assess the biochemical composition fingerprint of cortical bone matrix. Principal component analysis is a multivariate statistical technique describing the overall variability among spectra through calculation of PCs. Instead of comparing each peak separately, this technique allows comparison of the entire spectra. The PCs are new variables, which account for the majority of variation between spectra and are composed of weighted contributions of the spectrum wave numbers (peaks).
Results showed that WT and oim groups can be distinguished by the first principal component (PC1, Figure 2A horizontal axis). The weighting of the wave numbers that compose PC1 ( Figure 2B ) indicates that PC1 has contributions primarily because of the collagen protein peaks (at 1240, 1445, and 1665 cm 1 ) and the apatite peak (apatite 1 PO 4 3Ϫ ϳ 960 cm 1 ). The principal component 2 (PC2) separated transplanted and nontransplanted oim mice, albeit only for the females (Figure 2C vertical axis) . The weighting of the wave numbers that compose PC2 ( Figure 2D) indicates that PC2 has contributions primarily from the mineral bands (apatite 1 PO 4 3Ϫ : ϳ 960 cm, type B carbonate 1 CO 3 2Ϫ : 1070 cm Ϫ1 ). This may indicate that fSC transplantation affects males and females differently.
Analysis of specific peaks in the Raman spectra (univariate analysis) allowed assessment of the bone mineral/protein ratio, the apatite crystal maturation, and apatite crystallinity. Analysis of the The differences in gene expression reported refer to the expression of the basal levels in undifferentiated human cells. BMP2 indicates bone morphogenetic protein-2; and BSP, bone sialoprotein. BLOOD, 20 JANUARY 2011 ⅐ VOLUME 117, NUMBER 3 For personal use only. on October 28, 2017. by guest www.bloodjournal.org From groups pooling genders revealed significantly lower mineral/ protein ratio and higher apatite crystal maturation, and crystallinity of WT mice compared with both oim groups (oim and oimϩIUT) but no significant difference between oim and oimϩIUT (supplemental Table 2 ). Because principle component analysis suggested a difference in genders (PC2 in particular), we also analyzed univariate parameters for male and female separately (supplemental Table 3 ). Female oimϩIUT bone matrix exhibited a higher apatite maturation than oim mice (0.194 Ϯ 0.002 vs 0.180 Ϯ 0.008, respectively, P Ͻ .05) and was similar to WT (0.197 Ϯ 0.001, P Ͼ .05), indicating that transplantation may increase the maturation of the bone mineralized matrix in the female group ( Figure  2E ). In males, apatite maturation was not significantly different between oim and oimϩIUT (P ϭ 1.0). In females, apatite crystallinity was not significantly different between oim and oimϩIUT (P ϭ 1.0), but in males exhibited a slight but not significant increase (p ϭ .14; Figure 2F ).
Transplantation increased bone matrix stiffness
Nanoindentation assessment found that oimϩIUT mice exhibited a stiffer bone matrix than oim mice (larger E nano , P Ͻ .001) but did not reach the stiffness of WT matrix ( Figure 3A ). Resistance to plastic deformation (H) did not differ between oim and oimϩIUT groups (P Ͼ .05) and was higher than WT bone (P Ͻ .001 for both, Figure 3B ).
Transplantation decreased bone brittleness
Mechanical strength of intact femurs was assessed using the 3-point bending test. Typical load-deflection curves obtained during tests are illustrated in Figure 4A . Analysis of loaddeformation curves showed that F ult , stiffness (S), and F yield were not significantly different between oimϩIUT and oim mice, indicating that femurs were not stronger after transplantation ( Table 2 ). However, the Rp/tW, which describes the femur postyield behavior (plastic deformation, crack formation and propagation, and ultimately fractures) had a nearly 2-fold increase for oimϩIUT bones compared with oim bones (oimϩIUT: 63.9% Ϯ 21.9% vs oim: 33.6% Ϯ 25.8%, P Ͻ .01), indicating that transplanted bones had more plastic deformation, required more work to fracture, and had decreased brittleness compared with nontransplanted oim bones ( Figure 4B ). Macroscopic bone material properties were derived from 3-point bending tests using the classic beam bending analysis. Bone elastic moduli (E) were similar among the 3 groups (P Ͼ .05). Ultimate stress ( ult ) of the oimϩIUT mice was not significantly different from WT and oim group (P Ͼ .05 for both), but WT bones were significantly stronger than both oim and oimϩIUT (P Ͻ .01).
No changes in bone morphology
Micro-CT images revealed no significant difference of cortical bone morphology in CtTh, CtA, and second moments of inertia (I ap , I ml ) between oim ϩ IUT and oim mice (P Ͼ .05; Table 3 ). Compared with WT femurs, both oim and oimϩIUT femurs exhibited thinner cortical bone, smaller CtA, and reduced second moments of area (for oimϩIUT, P Ͻ .001 for all parameters, for oim, P ϭ .114, P ϭ .048, P ϭ .001, and P Ͻ .001 for CtTh, CtA, I ap , and I ml , respectively). Trabecular bone morphology (BV/TV, TbSp, TbN) did not differ between oim ϩ IUT and oim mice (P Ͼ .05 for all parameter). Compared with WT mice, oim and oimϩIUT mice had lower BV/TV, with reduced TbN and increased TbSp (P Ͻ .001 for all parameters for both groups). Trabecular thickness did not vary among the groups (P Ͼ .05).
Discussion
In utero transplantation of human fetal blood stem/stromal cells in homozygous oim mice led to an 84% reduction of femur fracture incidence, albeit associated with a less than 5% donor cell engraftment rate. These results are consistent with our previous study using the same cell type 9 and raise the possibility that therapeutic changes may be mediated by paracrine effects as is found in other MSC transplantation paradigms [26] [27] [28] [29] rather than direct differentiation. Here, we investigated whether donor cells were directly contributing to the phenotypical improvements associated with transplantation by analyzing biochemical, structural, and mechanical properties of the bone. We found that differentiation of donor fSCs into mature osteoblasts produced the missing protein COL1a2, modified the composition of the bone matrix, increased the stiffness of the matrix, and rendered the bones less brittle and less prone to fracture.
The dramatic decrease in fractures may be explained at the macroscopic scale by a reduction of bone brittleness rather than by an increase in strength. In previous work, an increase of bending strength was found in tibiae but not in humeri (femurs were not tested). 9 In this study, we found no change in bending strength in (B) Resistance to plastic deformation was unchanged in oimϩIUT bones compared with oim (analysis of variance test and Bonferroni post-hoc tests). **P Ͻ .01 (significant difference vs WT group). ***P Ͻ .001 (significant difference vs WT group).
† † †P Ͻ .001 (significant difference vs oim group). Box and whisker plots represent the group median and quartiles (box) and 1.5ϫ interquartile distance (whiskers). Round symbols represent outliers, which exceed the whiskers values.
the femur. This discrepancy may highlight a variation in therapy efficiency at different bone sites and will be examined more closely in future studies. In this study, 4 of our 20 oim mice had fracture callus on both femurs and were excluded (because mechanical testing required intact femurs), which have necessarily biased the oim group toward the strongest bone of the oim phenotype and may have underestimated differences between oim and oim ϩ IUT mice. We found no effect of transplantation in femoral bone morphology (cortical and trabecular), indicating that the reduction of fracture rate cannot be attributed to a change of femur shape or size but rather to a change of bone tissue properties. Calculating macroscopic bone tissue properties from 3-point bending data, we found no differences among groups. However, these calculations require material and geometry approximations of the sample 30, 31 and therefore give only rough estimates. Previous studies of oim bone using similar bending protocols have found a broad range of tissue properties, indicating that this technique may not appropriately detect minor changes in tissue modulus, 23, 24 thus necessitating the use of nanoindentation.
At the bone matrix scale, nanoindentation revealed a significant increase in elastic modulus in oimϩIUT bones despite the large heterogeneity of microscopic material properties within a single specimen, which is fairly characteristic of normal bone. 32, 33 We investigated whether the changes in matrix mechanical properties resulted from alterations in the protein-mineral structure at the molecular level. Raman spectroscopy analyses exhibited a trend toward more mature apatite crystal (more carbonated apatite), which seemed to be more pronounced in the female group.
Such sex difference has not previously been reported in stem cell therapies for OI. Influences of donor cell sex have been observed in cardiovascular stem cell therapies [34] [35] [36] [37] and may suggest an effect of estrogens on stem cell activities. In vitro it has been shown that estrogen affects male and female bone marrow MSCs differently. 38, 39 Other studies have found differences in male and female stem cell characteristics in skeletal tissue regeneration both in vitro 40 and in vivo. 41 Considering that our study was not designed to examine gender differences after IUT (and was underpowered to do so), it is difficult to deduce the effects of gender on the effectiveness of stem cell therapy (all donor cells were female in this study). However, these intriguing differences warrant further study.
Our results suggest that the presence of normal collagen after human blood fSC transplantation influenced apatite crystal structure, which is in accordance with Panaroni et al who found improvement in crystal homogeneity after IUT of adult mouse bone marrow in the BrtlIV murine OI model. 10 Similarly, heterozygous oim/ϩ mice, expressing both normal and abnormal collagen, exhibit increased apatite carbonate content (more mature crystals) 42, 43 and larger and more organized apatite crystals compared with homozygous oim mice. 44, 45 Altogether, these data indicate that the presence (or absence) of normal collagen may affect bone mineral structure.
An increase in mineral content in healthy human and animal bone tissue normally corresponds to an increase in bone matrix stiffness. 46, 47 In contrast, we found increased mineral content in oim and oim ϩ IUT compared with WT mice but lower matrix stiffness. Similar to other nanoindentation studies of bone, our results showed a large heterogeneity of microscopic material properties within a single specimen. 32, 48 We thoroughly sampled 4 specimens (60 indents/bone) from each group (rather than only a few indents from every bone). Therefore, the specimens tested may not fully represent the intergroup heterogeneity but were nonetheless able to detect an increase in stiffness in oimϩIUT mice. This stiffness increase is probably the result of the disorganization of the collagen fibers in oim bone, which provide a poor template for crystal organization and a reduction of mechanical integrity. 44, 45, 49 The relative improvement of matrix stiffness after transplantation is probably attributed to the addition of COL1a2 chain to the collagen protein, allowing a more organized and structured collagen-apatite crystal matrix. In addition to improvement in matrix stiffness, we suspect there is also an improvement in the bone tissue organization that plays a significant role in improving the fracture toughness observed at the macroscopic scale. Organized lamellar bone was observed in larger amounts in treated bones compared with nontreated femur bone specimens from our previous investigation (data not shown). Studies have shown that the lamellar bone structure is critical for deterring crack propagation and dissipating energy during failure in WT mice and that disruption of this lamellar structure can lead to faster crack propagation and failure. 50, 51 This hypothesis will be pursued in future research.
Altogether, our study indicated that fSCs transplanted in utero in oim mice migrated to bone, differentiated into mature osteoblasts, and expressed the missing protein COL1a2, altering the apatite mineral structure and increasing bone matrix stiffness. The changes in microscopic material properties and microarchitecture contribute to the mechanical integrity of the bone, making the bone less brittle and resulting in a decreased incidence of fracture. Further work will investigate strategies to maximize donor cell homing to bone, differentiation, and collagen expression to maximize the therapeutic effects of transplantation.
